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Carp (Cyprinus carpio) fitted with arterial catheters were trained to swim in a swim tunnel. While 
constantly swimming at two body lengths per second, they were subjected to gradual water 
acidification (from pH 7-6 to 4 0 in 4 h), and monitored subsequently over 24 h. It was hypothe­
sized that exercise would expose the gills to a larger extent and that consequently the effect of water 
acidification would be greater in exercising than in resting carp. In contrast to our earlier study 
with resting carp we found a constant decline of plasma pH, and of plasma Na f and Cl concen­
tration, indicating ionoregulatory failure. While plasma catecholamines remained at control 
levels, the plasma cortisol showed a three- to four-fold increase over the first 7h. This was 
followed by a slow decline. We conclude that there is a synergistic effect between moderate 
exercise and gradual water acidification.
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I. INTRODUCTION
In rest ing fish the key toxic m echanism  o f  acid stress is d is tu rbance  o f  electrolyte 
balance at the gills (see M c D o n a ld ,  1983; Howells,  1984; W o o d ,  1989, for reviews). 
Ultsch el ul. (1981) found  severe ionoregula to ry  failure in carp  in response to two 
instant  step changes  in water  pH  (from 7-4 to 5-1 and  from 5-1 to 4-0). However,  
when the same species was exposed to pH  4-0, after  g radual  water  acidification 
(0-9 pH  units h '), we did not  find any electrolyte imbalance or  much d is turbance  
o f  the ac id /base  s ta tus  (Van Dijk et cil., 1993). Thus ,  the rate o f  acidification ra ther  
than  the pH  level o f  the water  itself de termined  the response to water  acidification 
in these experiments ,  and  this apparen t ly  leads to overes t imation  o f  the deleterious 
eiTects o f  acid water.  Nevertheless,  the absence o f  detectable  d is turbances  in the 
extracellular  fluid does certainly not  exclude tha t  water  o f  pH  4-0 acts as a stressor 
on carp  Cyprinus carpio L. The  results m ay  reflect tha t  at pH  4 0 the threshold 
for ionoregu la to ry  d is tu rbance  has not  been reached, unless the low water  pH  is 
accom pan ied  by an addi t iona l  stressor such as a high rate o f  water  acidification. 
T o  test this hypothesis ,  we examined  the physiological per fo rm ance  o f  acid 
exposed fish using steady state exercise as a second stressor,  and  co m p ared  the 
effects with o u r  earlier results on resting acid exposed carp.
There  is evidence tha t  acid exposure  and  s t renuous  exercise serve as po ten t ia t ing  
or  addit ive stressors.  In fish dur ing  steady state exercise, b lood acid/base,  m e ta b ­
olite and  electrolyte s ta tus  as well as p lasma ca techolamine  levels were largely 
unchanged  when co m p ared  to the resting state (Stevens & Randal l ,  1967; Van den
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Thil lar t  et a/., 1983; Ristori & Lauren t ,  1985). A few minutes  o f  exhaustive exercise 
however leads to a p ro fo u n d  blood acidosis,  to an elevated lactate p lasma concen ­
tra t ion,  to increases in p lasm a  ions and  ca techolam ine  levels (T urner  el al., 1983; 
Ristori & Laurent ,  1985; W o o d  & Perry, 1985; Van Dijk & W o o d ,  1988). In their 
7-day lethality test on acid toxicity G r a h a m  & W o o d  (1981) found  tha t  exercise 
until exhaus t ion  shor tened  the survival t ime in fingerling t rou t  Oncorhynchus 
my kiss W albaum .  Similarly G r a h a m  et al. (1982) found in ra inbow  t rou t  in soft 
water  tha t  acid exposure  exacerbated  most  o f  the post-exercise d is tu rbances  and  
caused a doub l ing  o f  morta l i ty .  M o re  recently, Butler et al. (1992) found that  
critical swimming speed o f  b row n trout ,  Salmo truttci L., was depressed at pH  4-5 
(15 C) and  at pH  4-0 (5 C). Similarly, Ye & Randal l  (1991) found  a reduct ion  in 
critical swimming velocity o f  ra inbow  t rou t  in acid water  (pH 4 0 and  5-0). They 
also found that  the res to ra t ion  o f  the b lood acid /base  balance af ter  exhaustive 
exercise in acid water  was impaired.  In contras t ,  du r ing  steady state exercise, fish 
do not  have the anaerob ic  load or  the add i t ional  stress o f  hand l ing  o f  chased 
fish, and thus m ay  be expected to deal better  with acid exposure  than  fish dur ing  
s t renuous  exercise. Still, in co m p ar iso n  to resting fish, their  gills are m ore  exposed 
to the env ironm ent ,  because o f  the increased branchia l  b lood perfusion and  
lamellar  recrui tment  associated with exercise (Jones & Randal l ,  1978). Therefore ,  
m ore  ionic losses and  a greater  s train  on ionic and  osm oregu la to ry  processes could 
be expected. This  is confirmed by the results o f  G onza lez  & M c D o n a ld  (1992) with 
ra inbow  trout ,  who found tha t  the sod ium  losses across the gills increased su b s ta n ­
tially whenever  oxygen co n su m p t io n  increased. A l toge ther  the impact  o f  water  
acidification can be predicted to be larger du r ing  exercise than  at rest.
F o r  this reason we investigated the com bined  efleets o f  acid exposure  and  steady 
state exercise on carp.  We de te rmined  the blood metabol i te ,  electrolyte and  acid/  
base status,  as well as the blood levels o f  the typical stress ho rm ones ,  ca techo l­
amines and  cortisol.  In carp  at rest g radual  water  acidification did not  cause m uch  
changes in these blood pa ram ete rs  (Van Dijk et al., 1993). Is the same true for 
cannu la ted  carp  dur ing  m o d e ra te  exercise or  is there a synergistic effect between 
acid stress and  steady state exercise? The  answer  to this quest ion  has env i ro n ­
mental  relevance, because o f  the im pact  tha t  reduced physical pe r fo rm ance  will 
have on the survival prospects  o f  fish popula t ions .
II. MATERIALS AND METHODS
Carp (body mass 1099+ 102 g; length 33-64 +  0-75 cm), were obtained, maintained, and 
handled as described in Van Dijk et al. (1993). At least 3 weeks prior to, and during the 
experiments the fish were held at 20 0 +0-5 C in well-aerated fish water containing: Na f 
0-83; Cl~ 0-92; C a 2+ 0-68; 0 07; M g:+ 0-16; N O ,“ 0 03; HCO, 1 1 1; S O ,2 0-29; SiO,
• •  I  **
0 06 mmol 1 ; Allol was below the detection level o f  6-7 nmol 1 . Experiments were 
performed in July and August.
The swim tunnel (see Fig. 1) was specially developed for our large size fish. The water 
flow inside the swim tunnel was checked and calibrated, over the range of  0-2 m s 1 with a 
laser-doppler technique, by the Institute for Hydrodynamics, Technical University o f  Delft, 
The Netherlands. The (low rates measured over the tube diameter did not deviate for more 
than 2% for each 1 cn r .
After implantation of  the dorsal aortic cannulae (Soivio et a l 1972, 1975), the loose end 
of  the catheter was attached to the dorsal fin and the fish, which was still anaesthetized, was
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DETAIL SECTION A-A
F ig. I. Schematic drawing of the swim tunnel. The water in the double cylinder tube was circulated by a 
specially designed rotor, which caused a How in the inner cylinder in the range of 0- 2-5 m s An 
0-8 m long honeycomb-shaped matrix was used to reduce turbulence. The free swimming space for 
the fish was 0-8 m long. An electrified stainless steel grid was situated behind the fish to prevent it from 
resting during the experiment. The water in the swim tunnel was replaced at a rate of 10 1 min 1 from a 
300 1 tank filled with thermostatted (20 0 +0-5 C), air-saturated water. A pi I-sti.it device was used to 
regulate the water pH. To prevent growth of micro-organisms, the water in the system was constantly 
pumped through glass tubes that were irradiated by two UV-lamps.
placed in the swim tunnel. As soon as the fish woke up, the water How inside the swim tunnel 
was started and the fish was forced to swim at a low speed (0-8 b .l . s 1 ). The next day the fish 
was trained to swim at moderate  speed ( 1 -5-2-5  b.l . s 1 ). Overnight ( 1 7 .0 0 -0 8 .3 0  hours) the 
swimming speed was 1-5 b.l . s 1 and the next morning it was increased to 2-0 b.l . s _ l , at 
which speed the fish swam throughout the experiment without any apparent difficulty. 
Between 1-0 and 1 • 5 h after the change to 2-0 b .l . s _ i, the first blood sample was taken 
(/ =  —3 h). The second sample was taken half  an hour (/ =  —0-5 h) before the start of  the 
water acidification. From  / =  0 h to / =  4 h the water pH was gradually lowered from pH 7-6 
to 4-0, using 0-5 mol 1 " 1 I T S 0 4and a pH-stat device. Measurements showed that the partial 
pressure o f  carbon dioxide o f  the water in the swim tunnel did not increase during this 
acidification period. Further  blood samples were taken 2 (/ =  2 h; pH =  5-8), 4 (pH = 4 - 0 ) ,  7 
and 24 h after the start o f  the acidification. This experiment was performed with five 
animals (acid group; // =  5). In the control group (/? =  2), blood samples were taken at 
identical times. Here the pH-stat device kept the water pH at 7-6 with 1 -0 mmol 1 1 NaO H .
Samples (750j.il) o f  whole blood were drawn anaerobically into ice-cold gas-tight 
Hamilton syringes via the dorsal aortic catheter. The blood was replaced by saline (Wolf, 
1963). Blood samples were analysed for arterial extracellular pH (p H c), total C(X ( 7 c o 2), 
C O , tension (/^co,), O , tension (A),), haematocrit,  haemoglobin concentration, and 
plasma levels o f  lactate, glucose, sodium, chloride, potassium, total calcium, adrenalin, 
noradrenalin. and cortisol. The analytical methods employed have been described in Van
Dijk et al. (1993).
D ata  were expressed as m e a n s+  S.E.M. for the acid group (/? =  5) and as means for the 
control group (// =  2). Significant differences ( / ) ^ 0 - 0 5 )  were tested by the Student's  two- 
tailed /-test. Because the treatment o f  the two groups were identical until the start o f  the 
water acidification, their data  were combined at / =  — 3 h and at t =  —0-5 h for the sake of 
clarity o f  illustrations. This did not introduce bias into the analysis since there were no 
significant differences at these times between the two groups. To avoid misunderstanding, 
the control group was not used for any other statistical comparison, although the Student's  
/-test may be used for small sample sizes (Bailey, 1969).
676 P. L. M. VAN D IJK  E T  A L .
7-8 10
X
CL
C3Qu
- L d
CJ
E
c :X
(a)
7*6
T
v
l
/ -4
-5 0 10 15 20 25
£
M
nCJ
O -
•7}CJ02C£
E
o
o
a .Cj
(b)
8
T
It
1 1 '  .
6
9
0.
9
0
-5 0 •—  •■1 10 15 20 25
Time (hi
Fig. 2. The combined effect of acid exposure and steady slate exercise on: (a) the extracellular pH (p //.); (b) 
total CO, (7co,); (c) the partial pressure of carbon dioxide (Pro,); (d) the partial pressure of oxygen 
(Po2); (e) haematocrit; (f) mean cell haemoglobin concentration (MCHC) in the arterial blood of carp. 
Throughout the experiment the fish swam at 2 b.l. s '. Water acidification took place between / =  0 h 
(pH 7-6) and / = 4 h (pH 4 0). ?■. Control group (// = 2), means: • .  acid group (n = 5). means±s.r.M.; 
*, a significant difference (P ^ 0 05) within the acid group from the / =  — 3 h value; #, a significant 
difference (Z^O-OS) within the acid group from the I = —0-5 h value.
III. RESULTS
Both in the contro l  g roup  and  in the acid g roup  there were no morta l i t ies  du r ing  
the experiments.
W ate r  acidification com bined  with steady state exercise (2 b .l . s ') caused a 
g radual  decrease in arterial  b lood pH ,  which was significant at / =  24 h [Fig. 2(a)]. 
In the acid g roup ,  no significant changes in blood 7 c o 2 [Fig. 2(b)] and  P co2 [Fig. 
2(c)] were found. The  blood Po2 level [Fig. 2(d)] showed a zigzag. These devi­
ations, however,  were not significant. At / =  24 h, a decrease in haem atocr i t  (due to 
blood sampling) and  an increase o f  the mean cell haem oglob in  concen t ra t ion  
occurred [Fig. 2(e) and 2(f)].
In Fig. 3(a) it is shown tha t  p lasma lactate remained at a relatively low level. Just  
after the start  o f  the water  acidification (at 1 = 2 h), there was a decrease in p lasma
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F ig . 3. The combined effect of acid exposure and steady state exercise on the plasma concentrations of (a) 
lactate and (b) glucose in carp. Throughout the experiment the fish swam at 2 h.l. s '. Water 
acidification took place between / =  0 h (pH 7-6) and / = 4 h  (pH 4 0). O , Control group (// = 2), 
means; • .  acid group (/; = 5), means+ S.E.M.; other details as in caption to Fig. 2.
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F ig. 4. The combined effect of acid exposure and steady state exercise on the plasma concentrations of (a) 
sodium; (b) chloride; (c) potassium; (d) total calcium in carp. Throughout the experiment the fish 
swam at 2 b.l. s '. Water acidification took place between / =  0 h (pH 7-6) and / =  4 h  (pH 4 0). O, 
Control group (// = 2), means; # ,  acid group (// = 5). means±s.E.M.; other details as in caption to 
Fig. 2.
glucose concen t ra t ion ,  which was significant in com par ison  with the first control  
sample.  At / =  24 h there was a slight hyperglycaemia [Fig. 3(b)]. Over  the first 7 h 
o f  acid exposure,  no significant effect was observed on [Na f ] and  [Cl ], however,  at 
/ =  24 h the [Na } ] and  the [Cl ] were decreased to the same extent [Fig. 4(a) and  
4(b)]. There  were no significant changes in the p lasm a  potass ium [Fig. 4(c)] and  
total calc ium [Fig. 4(d)] concen tra t ion .
W ate r  acidification com bined  with steady state exercise did not  cause any signifi­
can t  changes  in the p lasma ca techolamine  concen tra t ions  [Fig. 5(a) and  5(b)]. The
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Fig. 5. The combined effect of acid exposure and steady state exercise on the plasma concentrations of (a) 
adrenalin, (b) noradrenalin and (c) cortisol in carp. Throughout the experiment the fish swam at 2 h . l .  
s Water acidification took place between / = 0 h (pH 7-6) and t = 4 h (pH 4 0). O, Control group 
(/; = 2), means; # ,  acid group (// = 5). means+ S.E.M.; other details as in caption to Fig. 2.
plasma cortisol concen tra t ion  [Fig. 5(c)] rose after the star t  o f  the acidification 
procedure  and  was at its m ax im u m  at  t = l  h, where the levels were three to four 
times higher than  in the controls .  Thereaf te r  p lasma cortisol decreased,  but  it was 
still higher than  that  o f  the contro ls  (at / =  — 3 h) after  1 day.
IV. DISCUSSION
In the li terature,  there is some evidence tha t  s t renuous  exercise and  acid exposure  
serve as po ten t ia t ing  or  addit ive stressors. In their lethality test on acid toxicity 
G r a h a m  & W o o d  ( 1981 ) found that  exhaustive exercise decreased the survival t ime 
in fingerling trout .  Their  pro tocol  involved handl ing  the fish immediate ly  after 
exhaust ion.  H and l ing  in co m b in a t io n  with water  acidification impairs  the o s m o ­
regulation whereas handling  has no measureable  effect in neutral  water  (Balm,
1986). A n o th e r  s tudy tha t  dealt  with acid stress in com bina t ion  with s t renuous  
exercise is tha t  o f  G r a h a m  et al. (1982). A l though  the au th o rs  reported ,  tha t  the 
acid-exposed fish p robab ly  perfo rm ed  less swimming activity than  the contro l  
fish, their results nevertheless showed that ,  in soft water ,  acid exposure  greatly 
aggrava ted  most  o f  the post-exercise d is turbances ,  and  caused  a doub l ing  o f  
mortal i ty.
At / =  24 h we found a significant decrease in arterial  b lood pH .  In o u r  s tudy on 
carp  at rest this effect did not  occur  (Van Dijk et c//., 1993). Even 48 h at pH  4 0  did 
not significantly change  the p/Yc in resting carp.  This difference between o u r  two 
studies suppor ts  the hypotheses  tha t  the impact  o f  water  acidification on fish is 
larger dur ing  m odera te  exercise than  at rest.
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C o m p a re d  with ou r  results on ca rp  at rest we found significantly higher blood 
oxygen tensions in exercising carp,  bo th  at / =  — 3 h and  a t  / =  — 0-5 h (i.e. before 
water  acidification). W ith  coho  sa lmon Oncorhynchus kisutch W alb a u m ,  Van den 
Thil lar t  et al. (1983) did no t  find any difference in arterial b lood oxygen tension 
before and  after  1 h swimming at 80%  o f  their critical speed. In resting carp  
the arterial  Po2 is however  m uch  lower than  in salmonids,  leaving m ore  space 
for a possible increase. Increased venti la t ion and  im proved  gill diffusion c o n d u c ­
tance dur ing  swimming are p robab ly  responsible for the observed rise in arterial 
Po2.
The  m ean  cellular haem oglob in  concen t ra t ion  m easurem ents  indicate tha t  there 
was no red b lood cell ( RBC) swelling. R B C  swelling was neither  found in o u r  study 
with carp  in rest. This  absence o f  R B C  swelling is in agreement  with the in vitro 
results with carp  o f  Sa lam a & N ik in m aa  (1988; see Van Dijk et al., 1993, for 
discussion). In con tras t  o u r  present m easurem ents  indicate a significant R B C  
shr inkage  after  1 day at pH  4-0. In tench. Tinea tinea L., Jensen (1987) found RBC 
shr inkage  in response to adrenal in  infusion. A n  electrolyte shift f rom the R B C  to 
the extracellular  c o m p a r tm e n t ,  causing water  m ovem ent  in the same direction, 
might explain R B C  shrinkage.  It is no t  clear what  caused this electrolyte shift, 
since in o u r  exper iment  we did not  find an increase o f  p lasma catecholamines.
Before water  acidification, at t=  —3 h a n d  / =  —0-5 h, p lasma lactate was a factor  
7 lower in this study, than  in resting carp.  Lacta te  m easurem ents  in a single body 
c o m p a r tm e n t  with periodic sampling  give little in fo rm at ion  a b o u t  the dynamic  
equil ibr ium between p roduc t ion ,  metabol ism, and  fluxes between com par tm en ts .  
A naerob ic  glycolysis and  the hereby p roduced  lactic acid does no t  occur  dur ing  
m odera te  exercise (see below). Evidently, the metabolic  rate is higher dur ing  
steady state exercise (2 b .l . s 1) than  in resting fish. Swimming is know n to increase 
the oxida t ion  rate  o f  lactate  (Van den Thil lart ,  1986). Bilinski & Jonas  (1972) 
showed tha t  ra inbow  t rou t  heart  and  liver are capable  o f  tak ing  up and  oxidizing 
exogenous lactate. Lacta te  is even a preferred subs tra te  for the t rou t  heart  (Lanct in  
et al., 1980). Therefore ,  the lower p lasm a lactate concen t ra t ion  in this study, must  
be due to an overall higher lactate ox ida t ion  rate.
O u r  exercise regimen did no t  cause an  increase in the p lasma lactate concen­
trat ion.  The  absence o f  any such increase is a s t rong  indicat ion tha t  ou r  exercise 
regimen did not  include burs t- type  exercise. As is generally accepted, red muscle 
fibres are specialized for long term, low-intensity exercise whereas white muscle 
fibres are involved in burs t- type o r  high-intensity exercise (Bone, 1966). Steady 
state exercise by red muscle is fuelled by m i tochondr ia l  oxida t ion  o f  pyruvate  
(derived from lactate,  glucose or  glycogen), fatty acids and  ketone bodies. Burst- 
type exercise by white muscle depends  on non-oxidat ive  pa thw ays  such as phos- 
phagen hydrolysis and  anaerob ic  glycolysis. This type o f  exercise leads to an 
increased lactic acid concen t ra t ion  in the blood (T urner  et al., 1983). F ro m  the 
unchanged  lactate levels we conclude  tha t  o u r  fish solely performed aerobic 
exercise. This  is in agreement  with R om e et al. (1984) who observed,  in adult  carp,  
that  at 20 C the recru i tment  o f  white muscle fibres took  place at swimming speeds 
between 2-0 and  2-5 b .l . s ’. Except for one fish in the acid g roup ,  we did not 
observe the burs t- type  o f  exercise. Short ly before the / =  7 h b lood sample was 
taken, this fish s tar ted  to show an irregular  type o f  swimming: occasional  drifting 
back with the water  flow was followed by a shor t  burs t  o f  intense swimming. Since
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this behav iour  is quickly followed by fatigue (H eap  & G oldsp ink ,  1986), we 
s topped the exper iment  with this fish.
After  1 day at pH  4-0, the p lasm a sodium and  chloride concen t ra t ions  were 
decreased to the same extent,  which is an indicat ion o f  ionoregu la to ry  failure. At 
/ =  24 h there was a slight hyperglycaemia which, to some extent,  com pensa ted  for 
the fall in p lasma osmolari ty ,  caused by the lower [Na 1 ] and  [Cl ] at this poin t  o f  
time. With carp  at rest we did no t  find any changes  in p lasma ions or  glucose. 
These differences between ou r  two studies again suppor t  the idea o f  a larger impact  
o f  acid exposure  dur ing  steady state exercise. In conclusion,  in carp,  m ode ra te  
exercise or  gradual  water  acidification alone,  does no t  cause any changes  in p lasm a 
glucose or  p lasma ions, whereas  the two com bined  do  cause ionoregula to ry  failure 
and hyperglycaemia.  Thus,  we conclude tha t  there is a synergistic effect between 
gradual  water  acidification (0-9 pH  units h ') and  steady state exercise (2 b .l . s " ') 
in carp.
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